Background
At present, detailed information on the daily WWTP operations in China is limited. Some anecdotal information from foreign consultants has suggested that many recently constructed WWTPs are not operating or operating with loadings well below their design capacity. This information was confirmed by a European Union (EU) funded study which found that many WWTPs either were not being operated or were operating at less than 50% percent of design capacity. In September 1999, a paper published in Water and Wastewater Engineering, a Chinese journal (in Mandarin), confirmed that WWTPs were operating well below rated capacity and collection systems were deficit. The paper recommended that constructing collection systems be given priority.
In the 1990s, about 48% of total WWTP capacity was bilaterally funded with 22% and 5% provided by the World Bank (WB) and the Asian Development Bank (ADB), respectively. Only 14% of the WWTPs were funded from domestic sources. With a high level of investment, the WB is interested in determining whether their loans were being used cost-effectively in the Chinese WW management program. Because China plans to increase the municipal WWTP capacity from the present 27.5 to 56.4 Mm 3 /d between 2000 and 2005, the WB will be requested to provide further loans. With the mean capital cost of a new municipal WWTP in China of about 232 USD/m 3 /d (range 104 to 444 USD determined from this study), the proposed new construction represents a total investment of more than 6.0 GUSD. If the WB continues to finance Chinese WWTP at 22%, the WB will be expected to invest about 1.3 GUSD in this new construction program.
In May 2001, the WB undertook a study with the cooperation of the Chinese Ministry of Construction (MOC) to assess the operation of some WWTPs. Sixteen operating WWTPs in nine cities (Dalian, Qingdao, Jinan, Hefei, Wuxi, Kunming, Guangzhou, Shenzhen and Shanghai [see Fig. 1 ]) were selected for this study. The total capacity of the 16 WWTPs was 20% of the existing treatment capacity in China. Most of these plants were located in the prosperous coastal areas of China; consequently, most of these plants were relatively new stateof-the-art advanced secondary WWTPs with biological nutrient removal. Six different treatment processes (see list of abbreviations for the complete description of the processes) were used in these plants; namely, conventional activated sludge (AS), oxygen ditch (OXD), biofilter (BIO), AS anaerobic and aerobic processes in sequence (A/O), modified A/O with anaerobic, annoxic (denitrification) and aerobic cells in sequence (A2/O), absorption-bio-oxidation two stage (anaerobic cell followed by aerobic cell) (A/B) and sequencing batch reactor (SBR). A technical team consisting of WB and MOC experts visited each WWTP. Two landfill sites and a municipal solid waste incineration plant were also visited to review sludge disposal practices. Sludge disposal is not discussed in this paper.
China's State Environmental Protection Agency (SEPA) requires secondary treatment for municipal WW to remove five-day biochemical oxygen demand (BOD), chemical oxygen demand (COD) and TSS and further requires ammonia (NH4) and total phosphorus (TP) removal for Class 1 and 2 receiving waters. The Chinese national effluent standards for a Class 1 and 2 receiving water are summarized in Table 1 .
Study Objectives
This study was designed as a preliminary assessment of the operation of 16 WWTPs. The objectives of this study were as follows:
• To determine how well WB and donor-funded WWTPs are being operated in China. For plants which were operating at much less than design capacity, to determine the reasons for the underutilization.
• To make recommendations for improving operating performance of municipal WWTPs including revising design parameters, selecting more appropriate treatment processes, ensuring that adequate infrastructure exists and revising treated effluent quality requirements for particular WWTPs.
Methods
The process consisted of a site visit to 16 WWTPs by the technical team. At each plant, the team met with operating staff and completed a standardized questionnaire, obtained two weeks of wet (large hydraulic flow) and dry (small hydraulic flow) daily operating data and one year of monthly operating data, and toured the WWTP site including the laboratories with plant staff. Plant staff also provided details on treated effluent quality objectives and design criteria. The information collected on these one-day plant visits was as follows:
• Geographical and demographical information.
• Plant size, population and industries served, number of plant staff, construction and commissioning dates.
• Treatment process information -Capacities and unit processes, mean daily design and 2000 to 2001 mean daily hydraulic flow, influent and effluent BOD, COD, TSS, NH4 and TP, and reactor MLSS, MLVSS and DO. -Wet and dry weather data for at least a period of one week. -Sludge production rates and characteristics. -Digester gas production.
• Monitoring information -Flow measuring instrumentation and calibration.
-Analytical facilities to process WW samples and quality assurance and control procedures.
• Financial information -Capital costs.
-Operating and maintenance costs.
-Power consumption.
-User fees.
A complete data set was not available for all 16 WWTPs. One plant was a small decentralized facility with a capacity of 4000 m 3 /d. Another WWTP was not operational because it was in the process of having accumulated algae removed from the units and a third was in the commissioning process. Information for all 16 WWTPs is presented wherever possible in the tables but most of the data analyses and interpretation are restricted to 13 WWTPs which were operating. 
Level of Treatment and Compliance
Details on the WWTP processes are summarized in Table  2 . This table summarizes the design and actual hydraulic loadings, biological and suspended solids concentrations, sludge production and digestion, reuse water production and financial costs. Typically, the WWTPs were designed to produce a final effluent with BOD and TSS concentrations between 20 and 30 mg/L as required if the WWTP discharged treated effluent to a Class 1 or 2 receiving water. In Table 3 The treated effluent concentrations for BOD and TSS were in compliance for all the WWTPs except for Malanhe which was in non-compliance for both BOD and TSS and Wuxi which was in non-compliance for TSS. Malanhe is a BIO plant which was in the process of building its attached biomass during the site visit.
Operating and Design Conditions
In Table 4 , the operating and design conditions are summarized for the hydraulic loadings, BOD and TSS concentrations in the raw and treated effluent. The study WWTPs were partitioned into two sub-data sets, namely those WWTPs which were operating near the design hydraulic flows (94 to 103%) and the other WWTPs. Means were computed for three data sets, namely the two sub-data sets separately and combined. Typically, flow-weighted means are used for statistics on WWTP operations (Tchobanoglous and Burton 1991; Crites and Tchobanoglous 1998; Horan 1990) . Because the objective of this study was to determine whether WWTPs were operating at design capacity, data means and capacity-weighted means were used in the analyses.
Raw domestic WW BOD and TSS concentrations are generally in the range of 200 to 300 mg/L for both (Tchobanoglous and Burton 1991; Horan 1990) . In this study, the mean influent flow-weighted BOD and TSS concentrations for all the data combined were 158 and 246 mg/L, respectively, while the mean influent design flow-weighted concentrations were 298 and 334 mg/L, respectively. Forty-six percent of the study WWTP capacity received low-strength influent with influent BOD concentrations less than 80 mg/L.
Nutrient Control
Nutrient removal is primarily instituted in WWTPs to control the biomass of phytoplankton and macrophytes in the receiving water. Whether TP or NH4 removal, or both, are required depends on the characteristics of the receiving water. Nitrogen, TP and silicates are essential nutrients for aquatic plants and NH4 (the largest portion of the nitrogen in domestic WW) is toxic to fish at certain concentrations, effluent temperatures and pH. The requirement for nutrient removal is based on the sensitivity of the receiving water to nutrient loadings and downstream uses. If aquatic plants or fish toxicity are not a receiving-water concern, nutrient removal has little benefit. For example, if the turbidities are high due to the natural concentrations of clay particles in the receiving water, aquatic plant growth may be limited by light attenuation not the available nutrients. Nutrient removal, particularly reducing TP to less than 1 mg/L, increases the capital and operating costs of WWTPs and can also result in more sludge production. In general, lakes and small, slow-moving rivers tend to be more sensitive to phosphorus loadings and estuaries more sensitive to nitrogen loadings. The most cost-effective WW management program adopts nutrient removal on a case-by-case basis considering the receiving water use, receiving water quality and wastewater management plan for the catchment area. The capital and operating costs of biological nutrient removal are significant. For example, the cost of providing 10,000 m 3 /d secondary treatment is about 2.8 times the cost of providing primary treatment in China (MOC documents) . Averaging the capital costs of the 13 WWTPs which biologically removed nutrients indicated that these plants cost about five times more than basic secondary treatment (MOC documents). In other words, a WWTP which removes nutrients costs about 14 times more than a primary treatment plant of the same capacity in China. The operating costs of biological nutrient removal are normally much higher than a basic secondary treatment plant, particularly if electrical power is expensive because the biological nutrient removal WWTPs require 150 to 400% mixed liquor recycling compared to less than 100% recycling in a secondary treatment WWTP. The operating and maintenance (O&M) and power costs presented in Table 2 show that the average O&M cost was 0.06 USD/m 3 and the average power cost 0.10 USD/m 3 . Admittedly, O&M costs decrease for a biophosphorus process because the sludge generation is reduced, and for a denitrification process because oxygen and alkalinity are recovered; however, the power costs here were much larger. If the phosphorus concentrations in the treated effluent must be less than 0.5 mg/L, chemical phosphorus removal is normally required in addition to biological TP removal increasing the capital and operating costs.
Treated Effluent Quality
China should develop a more flexible approach for specifying treated effluent water-quality objectives (World Bank 2001 , 2002 . Only in this way can capital for the construction of new WWTPs be maximized. Treating low-strength influent WW biologically to objectives based on receiving water classification is both difficult and costly for a small reduction in receiving water loadings. For example, for a raw WW strength of 150 mg/L BOD and treated effluent quality objective of 20 mg/L BOD, the WWTP reduces the loadings to the receiving water by 87%, whereas for a raw WW strength of 60 mg/L (typical for some plants), treatment reduces the loadings by 67%. Once the design wastewater quality and quantity has been determined, it would be more cost-effective to approach the design of the WWTP process differently for lowstrength than for normal-strength WW.
Influent Wastewater Flows and Quality
Determining the design parameters like influent WW flows, BOD, TSS and nutrient concentrations for a "Greenfield's" WWTP is not simple anywhere, yet the cost-effectiveness of the capital investment in the WWTP depends on reliable design parameters. Ideally mean, minimum and maximum WW flows are required for hourly, daily, weekly and monthly periods (Tchobanoglous and Burton 1991; Crites and Tchobanoglous 1998; WPCF 1991; Horan 1990 
Wastewater Reuse
In China, it is national policy to reuse water from WWTPs particularly in areas of the country where there is limited water available. Seven of the 16 WWTPs (see Table 2 ) were reusing various amounts of final effluent treated for reuse mostly on the WWTP site for watering vegetation and cleaning on an interim basis until a distribution system has been constructed. At two WWTPs, reuse water was provided to a commercial nursery operated on the plant site and at another, the reuse water was provided to the local community. One of the WWTPs had sand filters for additional reuse water treatment but the sand filters were not being used. Without a distribution system for reuse water beyond the WWTP property, only a small amount of reuse water can be utilized and this appeared to be the case at the plants studied.
Analysis
A summary of the data collected at the plants is presented in Tables 2 to 4 . The data in Table 4 show that 30% of the treatment capacity was operating hydraulically at their design capacity; however, these four WWTPs were operating at 40% of the design BOD concentrations and 56% of the design TSS concentrations based on capacity-weighted means. Using the capacityweighted means, the other nine WWTPs were operating hydraulically at 62% of their design capacity, biologically at 64% of design and suspended solids at 96% of design. If Dayaowan data is omitted as an outlier because it is operating at 7% capacity, the eight WWTPs are operating hydraulically at 73% of their design capacity, biologically at 55% and TSS at 96%. For the complete data set of 13 WWTPs, the capacity-weighted mean hydraulic loading was 73% of design and the capacity-weighted mean influent BOD and TSS were 56 and 84% of design. Omitting Dayaowan data, the mean capacity-weighted hydraulic flow is 77% for design, 57% for BOD and 87% for TSS. Using the criterium that WWTPs should on the average operate at 100% of . If the criterium is that WWTPs should operate at 90% of design hydraulic capacity on the mean, the under-utilization would be between 80.5 and 100 MUSD investment.
For WWTP process operations, most WWTPs in this study measured COD daily or more frequently and BOD periodically. The COD measurements were then used to generate BOD concentrations as a linear function of the COD concentrations. Normally BOD concentrations are about 45% of the COD for municipal WW. However, only two WWTPs (Wuxi and Datansha) had statistically significant relationships between BOD and COD (see Table 5 ). In all the tables in this paper, only actual BOD measurements were used for the BOD concentrations.
Design Parameters
Design hydraulic flows. The design WW flows per capita-day (cap x d) were determined using the data from Table 2 . These data are summarized in Fig. 2 The combined sewer component can also be a factor in the difference between design and actual flows. If we examine the 62 days of operating data provided from five WWTPs for both wet and dry weather conditions, the wet and dry data can be compared. Table 6 summarizes these comparisons. During wet conditions, the WW flows were on the average 14% higher, BOD concentrations 7% less, and TSS concentrations about 8% higher. Therefore, the stormwater effects at the five WWTPs were relatively small for daily mean data, except at Licunhe where stormwater increased the flow by 35%.
Design BOD. At some of the WWTPs, the industrial discharges to the municipal sewers can be a large component of the WW. Table 7 summarizes the design BOD concentration and percentage of industrial flow (from Table 2 ). There was no statistically significant relationship between the two variables. However, if the BOD/design BOD and the percentages of industrial WW were plotted (see Fig. 3 ), there was a statistical relationship between these two variables; namely, the influent BOD concentrations were nearer the design values as the percentage of industrial WW increased for nine WWTPs (omitting Licunhe and Binhe with very small industrial loadings, Dayaowan operating at 7% capacity and Tuando with a very strong WW). The BOD concentrations at Datansha and Haibohe were 25 and 52% of design BOD, respectively, with 40 and 50% of the influ- Table 4 For the reduced hydraulic loadings, WWTP operators have reduced the number of active biological reactor cells in the treatment process wherever possible. In the older urban areas, the raw wastewater BOD concentrations in the combined sewers were as low as 40 mg/L probably due to infiltration, wash-water discharges or stormwater. The processes in a biological secondary treatment plant with nutrient removal can be adjusted for the low-strength wastewater but these adjustments are limited in magnitude. Large changes adversely affect unit operations. To compensate for the low-strength influent, operators at nutrient removal facilities typically increased the sludge age, mixed liquor suspended solids (MLSS) concentrations, recycling rate and aeration.
At No. 1 Kunming (OXD) and Datansha (A/O, A2/O), where the BOD ratio (BOD influent concentration/ BOD design concentration) was about 0.25, Nocardia foam (Jenkins et al. 1993 ) was evident in the aeration cells. At Jinan (OXD), where the BOD ratio is 0.34, rising sludge was evident in the sedimentation tanks (possibly anaerobic conditions with denitrification) and the mixed liquor volatile suspended solids (MLVSS) in the reactor were 51% of the MLSS. The reactor MLVSS concentration at Hefei where the BOD ratio was 0.39, was Fig. 3 . BOD/design ratio and percentage industrial 47% of the MLSS concentration. Although the BOD ratio is 0.5 at Haibohe, foam was evident in the aeration cell, possibly because the A/B process removed a large percentage of the carbon in the A Phase reactor or the sludge age was too long. At Longhua (A/O), where the BOD ratio was also 0.5, there was little foaming present in the aeration tank. Foaming was also evident in the aeration cells at other A/O process plants including Licunhe, where the BOD ratio is 1.1, and at Songjiang, with a BOD ratio of 0.98. In these cases, the sludge age was increased because the hydraulic loadings were low, at 0.58 and 0.71 design load, respectively. In the WWTPs visited, the operators appeared to be controlling the extent of the foaming, rising solids and biomass in the reactors at the time of the visit while trying to maintain an acceptable final effluent quality. In general, the A/B process is not appropriate for low-strength WW and it appears that the A/O process was sensitive to both lowstrength WW and reduced hydraulic loadings. Table 8 summarizes the capital costs, number of staff and power consumption then ranks the treatment processes. The process with the least capital cost was the OXD followed closely by the SBR. For the number of staff required to operate the WWTP, the A2/O process required the least followed closely by the SBR. The SBR required the least amount of energy to operate followed by the A/B. Considering the three factors, the SBR was the best followed by the A2/O then the OXD. This preliminary comparison of processes is based on a small sample (1.59 Mm 3 /d capacity). 
